The deformation behaviour of titanium alloy Ti-20V-4Al-1Sn sheet at 1073 K was investigated by performing uniaxial tension experiments. The stress-strain curves show a sharp yield point and the subsequent abrupt yield drop followed by the strain softening. From the EBSD analysis, a crystallographic misorientation was found in grains even at an early stage of yielding, even though the dynamic recovery had not yet taken place. To describe such a characteristic stress-strain response, a viscoplastic constitutive model is proposed that is built on the premise that the yield point phenomena are associated with the rapid dislocation multiplication at an early stage of yielding.
Introduction
Most of titanium alloys, such as Ti-15V-3Al-3Cr-3Sn, 1) Ti-13Mn, 2) Ti-13Cr-11V-3Al, 3) Ti-10V-2Fe-3Al, 4) Ti3Al-8V-6Cr-4Mo-4Zr, 5) Ti-10V-4.5Fe-1.5Al, 6) Ti-6.8Mo-4.5Fe-1.5Al, 7) etc., show a common deformation feature that their stress-strain curves exhibit a sharp yield point and the subsequent abrupt yield drop followed by the constant flow stress or strain softening. In the previous research, [8] [9] [10] [11] it was explained that such yield point phenomena result from either a dislocation unlocking mechanism or a dislocation multiplication at a very early stage of yielding. Specifically for titanium alloys, some researchers discuss a relationship between the yield point phenomena and the corresponding microstructure changes such as an activation of dislocation sources. 1, 2, 11, 12) However, to the best of the authors' knowledge, a constitutive model that describes yield-point phenomena of titanium alloys, which include strain rate sensitivity, temperature dependence and dynamic recovery effect, has not yet been proposed. In this research, we investigate the yield point phenomena of a titanium alloy, Ti-20V-4Al-1Sn, at a temperature above its transus temperature, 1073 K, by performing uniaxial tension experiments. A viscoplastic constitutive model is proposed on the premise that the material behaviour of sharp yield point and the abrupt yield drop result from the rapid dislocation multiplication and the stress dependence of dislocation velocity.
Experiments
The material used in this investigation was titanium alloy 1.8 mm thick sheet, Ti-20V-4Al-1Sn supplied by Sumitomo Metal Industries, Ltd, Japan. The specimens were cut along the rolling direction. After cutting, the specimens were solution treated at 1023 K for thirty minutes, then air cooled. The material showed a homogeneous equiaxed structure. Strain measurement were carried out using a clip-on extensometer and the displacement was recorded by a laser displacement sensor. The true stress and true strain " are calculated using the nominal stress (n) and nominal strain e, by the following equation:
based on the assumption of incompressibility of the material. Uniaxial tension tests were performed with a closed-loop servo-controlled hydraulic testing machine (Shimadzu Servopulser) under the isothermal condition in a furnace where the temperature variation was within AE2 K. The specimen was heated up in Ar gas atmosphere to 1073 K and then it was pulled in tension at a constant strain rate. To examine the rate sensitivity, three strain rates of 0.1 s À1 , 0.01 s À1 and 0.001 s
À1
were chosen. Strain interruption tests were carried out in such a way that the specimen was pulled in tension at a strain rate of 0.01 s À1 up to a prescribed strain and then it was Ar-gas blow quenched, where the interruption strains were 0.02 (at the yield point), 0.1 and 0.4. After quenching, the parallel parts of the deformed specimens were transversely sectioned out for the electron backscatter diffraction (EBSD) analysis. The EBSD analysis was carried out on a scanning electron microscope (Hitachi S-3000) using the EDAX EBSD system. The orientation data were analyzed with the TSL OIM software. The Kernel Average Misorientation (KAM) analysis was done within the misorientation range of 0-5 . In the KAM analysis, a given point is defined as a ''kernel'' and the KAM value is the numerical average misorientation of the kernel with all of its neighbours. [13] [14] [15] 
Results and Discussions
True stress-true strain curves at three different strain rates at 1073 K are shown in Fig. 1 . The material exhibits a sharp yield point and a subsequent yield drop followed by the strain softening. The flow stress is highly strain rate sensitive. Figure 2 shows EBSD images taken from the specimens after finishing the strain interruption tests at three different strain levels of 0 (undeformed state), 0.02 (the yield point) and 0.4. The misorientation angles in each of chosen grains were measured along the tensile axis for each of the three specimens (see Figs. 3(a)-(c) ), where the chosen grains are indicated by white arrows in the EBSD maps). From these results it is found that the higher is the strain level, the larger is the misorientation angle. It should be noted that, in Fig. 3(b) even at the yield point the misorientation is clearly observed. In this case, the point-to-point misorientation angle remains within 1
, while the point-to-origin misorientation gradually increases up to 5 along the profiling direction. At the severely deformed stage (Fig. 3(c) ), the large misorientation angle of its maximum value of 10 is observed. It should be noticed that the grain boundaries of severely deformed specimens show zigzag patterns. According to Furuhara's EBSD study on hot deformed Ti-10V-2Fe-3Al, 4) such patterns of grain boundaries are the evidence of a dynamic recovery.
Constitutive Modeling
Since an increase of a misorientation angle is understood to be a result of the dislocation accumulation, [13] [14] [15] [16] the above EBSD observation suggests that dislocations start to move at an early stage of yielding, even though at this stage dynamic recovery has not yet taken place. This is the basis for our assumption that sharp yield point and the subsequent abrupt yield drop of Ti-20V-4Al-1Sn result from the rapid dislocation multiplication at an early stage of yielding. This assumption is supported by other researchers' work on some other titanium alloys, e.g., Vijayshankar's study on Ti13Mn alloys 2) suggested that the yield drop was due to the rapid dislocation multiplication and Philippart's study on Ti-6.8Mo-4.5Fe-1.5Al 7) found that dislocations generated primarily from the grain boundary dislocation sources.
From the Orowan equation, the relationship between the dislocation velocity and the shear plastic strain rate _ is written as
where m is the mobile dislocation density, b is the length of the Burgers vector and v stands for the mobile dislocation velocity. If the thermal activation mechanism is taken into account, the average velocity of moving dislocations can be expressed by the following Arrhenius-type equation:
where v 0 is the reference mobile dislocation velocity, K is the Boltzmann constant, T is the absolute temperature, and ÁG is the activation energy for a dislocation to overcome the short range obstacles. Assuming that v 0 is not a constant but rather a function of the applied stress since the applied stress affects both the lattice spacing and the dislocation attacking frequency, according to the literature, [20] [21] [22] the relation between v 0 and the resolved shear stress can be written as
where hxi indicates the Macaulay brackets, c denotes the interaction stress acting on a dislocation; D and n are the drag stress and the stress rate sensitivity exponent, respectively. Thus the thermal activated relationship between the Fig. 4 Comparison of the numerical simulation and the experimental stress-strain curves for a specimen tested at 1073 K.
shear stress and the plastic shear strain is given by the following equation:
From a macroscopic point of view, the following constitutive equation in a uniaxial form can be written:
where _ " ", _ " " e , _ " " T and _ " " vp are the total strain rate, the elastic strain rate, the thermal strain and the viscoplastic strain rate respectively, E is the Young's modulus, _ is the stress rate. The relationship between the viscoplastic strain rate _ " " vp and the stress can be written in the following form:
where M is the Taylor factor for polycrystalline materials, Y 0 is the initial yield stress, R is the isotropic hardening stress, D is the drag stress, Q is the activation energy and K is the universal gas constant. To describe the multiplication of mobile dislocations, Yoshida 23) proposed the following evolution equations that were successfully used in numerical simulation of the yield point phenomena on steels.
23-25)
Here, the total dislocation density t is assumed to increase in a linear proportion of the viscoplastic strain with a coefficient C from its initial value 0 (see eq. (8)), and the mobile dislocation density m is expressed as a fraction of t (see eq. (9)). To describe the rapid dislocation multiplication with the increasing viscoplastic strain, the fraction parameter f m is assumed to increase rapidly from its initial value f m0 to the asymptotic value f ma , where is a parameter controlling the speed of f m change. Considering the observed dynamic recovery phenomena at a large strain range, the conventional isotropic hardening equation 26) could be modified to a combined isotropic hardening/softening type as
where B and Q iso are material parameters for isotropic hardening and a is a parameter of the dynamic recovery induced softening. The values of these material parameters were identified (see Table 1 ) from a condition that the calculated stress-strain curves fit the corresponding experimental data. Figure 4 shows a comparison of the calculated stress-strain curves with the corresponding experimental data. The stressstrain responses, such as yield point phenomena, strain rate sensitivity and strain softening, are captured well by the model. The model can also describe the deformation behaviour of the other types of titanium alloys by simply changing the values of material parameters. Furthermore, it should be noted that this internal state variable model can be easily extended to a multi-axial tensor form and then implemented into commercial Finite Element codes.
Conclusions
In uniaxial tension experiments on titanium alloy Ti-20V-4Al-1Sn at 1073 K, the yield point phenomena were observed. From a EBSD analysis of a tensile specimen at different deformation stages it was concluded that dislocations start to move before the yield point and multiply rapidly at an early stage of yielding. A constitutive model based on the mobile dislocation multiplication theory was proposed to describe the yield point phenomena. It also includes the description of the dynamic recovery effect. The stress-strain responses such as a sharp yield point, strong strain rate sensitivity and subsequent strain softening behavior, are captured well by the model. 
